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295 Km



295 Km

1.3 MW, 2.5° off-axis 
narrow-band, ~600 MeV

1 tank, 0.26 Mt 
0.19 Mt fiducial

[68 m Æ x  71 m H] 

JPARCKamioka Obs. 

INGRID
ND280

“Near detector” suiteIWCD

ü The world’s largest detector for nucleon decay and neutrino experiments
ü The world’s most-intense neutrino beam 
ü New and upgraded near detectors to control systematics 

8.4 x larger fiducial mass (190 kiloton),
double-sensitivity photo-sensors than SK

J-PARC 𝛎 beam from 0.5 to 1.3 MW

· uses Water-Cherenkov: unique technique to achieve huge amount of instrument matter
· maximizes available resources, experience & know-how à minimizes time, useless efforts, risks, delays, failure … 



T. Nakaya  @  US - J 
Symposium 20230522

See T. Lux talk for the real stuff



Yoichi Asaoka @ NNN22 



The 3 Kamiokande,s 

2018 @ Super-Kamiokande 
refurbishment work for SK-Gd 

2-weeks ago @ Kamioka Observatory 
new building (Sogoto-building)



neutrino flux φ as a function of
energy at Earth, integrated over
directions and summed over flavors.

Solid lines are displayed for
neutrinos, dashed or dotted lines are
displayed for antineutrinos, and
superimposed dashed and solid lines
are displayed for sources of both 𝛎
and 𝛎 ̄. The fluxes from BBN, Earth,
and reactors encompass only
antineutrinos and the Sun emits only
neutrinos, whereas all other
components include both.

The CNB is shown for a minimal
mass spectrum of m1= 0, m2= 8.6, and
m3 = 50 meV, producing a blackbody
spectrum plus two monochromatic
lines of nonrelativistic neutrinos with
energies corresponding to m2 & m3.
Line sources are in units of cm−2 s−1.

neutrino spectrum at Earth: Sources and spectral components 
E.Vitagliano, I. Tamborra. G. Raffelt; REVIEWS OF MODERN PHYSICS, VOLUME 92,  OCTOBER–DECEMBER 2020 

CNB: cosmic neutrino background
BBN: big-bang nucleosynthesis 
DSNB: diffuse supernova neutrino background

spans almost 10 order of magnitude in E𝛎 



The Hyper-Kamiokande project is a third generation within 
the Japanese Neutrino  Program: a truly scientific success 

HK officially started construction on 2020 and will start operations on 2027 

· uses Water-Cherenkov: unique technique to achieve huge amount of instrument matter
· precise rec. of particle’s energy, position, direction, type …

− maximizes available resources à minimizes time, useless efforts … 
− maximizes experience & know-how à minimizes risks, delays, failure                                                                                                                             



(2)H2O-Cherenkov experimental technique   //   their origin: search for proton decay

no candidate sofar ð tp > 1.4 x 1034 year

(Compton e– )

This is one of the 
most important 
scientific concepts 
of Humanity.

ü the (2)H2O-Cherenkov experiments allows to instrument huge amounts of matter (i.e of protons)

Super-Kamiokande, PHYSICAL REVIEW D 102, 112011 (2020) 

for instance:   p ® e+p0

(Compton e– )

In the Standard Model the proton is stable, however, given the physics-mathematics
structure of the SM, the realistic theoretical approaches for its evolution, the current
knowledge about the creation and development of the Universe...

à there is the “conviction” (however it is just intuition) of the non-stability of the proton

Triggered by the unambiguously prediction of a decaying  proton decay in a SU(5) Grand Unification 
[Georgi, Glashow, Physical Review Letters 32 (8): 438 1974] experimental techniques aiming to observe huge 
amounts of protons were developed Kamiokande was a pioneering experiment



Measurements of per nucleon
νµ and νµ CC inclusive
scattering cross sections
divided by neutrino energy as a
function of neutrino energy.
Note the transition between
logarithmic and linear scales
occurring at 100 GeV.

But those huge amounts of instrumented matter also detect surrounding neutrinos; even though their
extremely low interaction cross section, the extremely large amount of mass results in interactions that
are detected (they are background for p-decay searches) 

Improve Rn background with water purification,  add an OD, improve timing of electronics 
è Kamiokande II, a wonderful multipurpose proton decay and neutrino (also low energy) experiment 



If more mass, and even better photosensors precise fundamental neutrino physics can be made
è Super-Kamiokande

Nature itself came to guide us: made us discover that this type of detectors are          
extraordinary neutrino telescopes

Supernova SN1987A @ Large Magellanic Cloud 

beforeafter

Kamiokande; Phys. Rev. Lett. 58 (1987) 1490
               IMB; Phys. Rev. Lett. 58 (1987) 1494

flux and E spectrum of n,s measured by Kamiokande II
(precursor of SK) ((pre-precursor of HK))

Nobel 2002



measurements of the atmospheric neutrino flux

measured energy spectra
of the atmospheric νe and
ν𝛍 fluxes by SK, shown
with measurements by
other experiments, i.e.,
Frejus, AMANDA-II,
IceCube and ANTARES.

Super-Kamiokande; 
Phys. Rev. D 94, 052001 (2016)The much larger mass of

Super-Kamiokande 

allows     many      more 
reactions (events) to be 
produced and study  



νe , νμ fluxes vs. incidence angle 
(azimuth): Φ symmetry does not 
totally hold because of earth 
magnetic field affecting the parent 
cosmic rays [ E – W effect]   

àΦ (azimuth) symmetry    
      is  as  expected / well   
      described

Φ

θ

N         W         S         E 

subselection of e-like
and µ-like events, from
the SK-I – SK-IV data
(points with statistical
error) and MC
simulations (boxes with
systematic error).
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νμ subselection is optimized 

for higest significance:
0.4 GeV< E(ν) < 3 GeV
| cos θ | < 0.6  

Interlude 
(this time for illustration purposes)



upwards, travel  ≈ 13000 km
downwards, travel ≈ 15 km

νe νμ

νe νμ

νe , νμ fluxes vs. energy and θ incidence angle (zenith)

Super-Kam
iokande. Phys. Rev. D 71, 112005 (2005) 

measured νμ  flux strongly dependent on travel distance à 
         νμ oscillates  (mainly to ν𝛕 )  à  massive νX Nobel 2015

The much larger mass of Super-
Kamiokande allows many more 
reactions (events) to be produced 
and study  

✓



Fully Contained

UPward-going Muons

Partially Contained

A full oscillation analysis: 
Super-Kamiokande,  Prog. Theor. 
Exp. Phys. 2019, 053F01 

Huge statistics, extremely powerful data if systematics controlled to the same level of significance



Pontecorvo, B., J. Exp. Theor. Phys. 33, 549 (1957) [Sov. Phys. JETP 6, 429 (1958)]
Pontecorvo, B., J. Exp. Theor. Phys. 34, 247 (1958) [Sov. Phys. JETP 7, 172 (1958)]
Maki, Z., Nakagava, M. and Sakata, S., Prog. Theor. Phys. 28, 870 (1962)

Atmospheric         Reactors, T2K,              Solar            Majorana  
       experiments,       Nova … CP phase,       experiments,         phases

If  Dirac Neutrinos

s12 º sinq12  ; c12 º cosq12    etc.;       δCP: CP violation phase;     𝜂1, 𝜂2: Majorana phases

interlude:
The Leptonic Mixing Matrix (the PMNS matrix)



The whole process ought to be checked thoroughly /
the birth of the Long-Base-Line 𝛎 beam experiments

K2K (from KEK-to-Kamioka) 

Fully man-made 𝛎 oscillation experiment: 
𝛎𝛍 disappearance in a 𝛎𝛍beam 

KEK

K2K
SK



The reconstructed E𝛎 distribution for the SK 1-ring µ-
like sample. The solid line is the best fit spectrum and
the dashed line is the expectation without oscillation.

PRL 94, 081802 (2005)
PHYSICAL REVIEW D 74, 072003 (2006) 

We present measurements of 𝛎𝛍 disappearance in K2K, the
KEK to Kamioka long-baseline neutrino oscillation experiment.
112 beam-originated neutrino events are observed in the fiducial
volume of Super-Kamiokande with an expectation of 158+9.2

−8.6
events without oscillation. A distortion of the energy spectrum is
also seen in 58 single-ring 𝛍-like events with reconstructed
energies. The probability that the observations are explained by
the expectation for no neutrino oscillation is 0.0015% (4.3 𝛔). In
a 2-flavor oscillation scenario, the allowed Δm2 region at sin22𝜃=
1 is between 1.9 and 3.5 x 10−3 eV2 at the 90% C.L. with a best-
fit value of 2.8 x 10−3 eV2

Abstract (PRD74,072003-2006)

Success ! next is the whole PMNS matrix,
… and to seeking for a door to CPV 



T2K

2.5o  off-axis,  almost  pure  nµ  beam, En peak tuned to oscil. max. ~0.7 GeV 

𝛎𝛍 and 𝛎𝛍disappearance in a 𝛎𝛍 and 𝛎𝛍beams à 𝜃23 , Δm223
𝛎e / 𝛎e appearance in a 𝛎𝛍 / 𝛎𝛍beam à 𝜃13 , 𝛅CP

−−
− −

Profit of the planned J-PARC nuclear laboratory (JAEA – KEK) to 
include a new powerful, custom, 𝛎 beam pointing to Kamioka 

/ NoVa 

JPARCT2KSK



T2K measurements of 𝛎𝛍 and 𝛎𝛍disappearance

using 1.5 × 1021 POT using 3.13 × 1021 POT
PHYSICAL REVIEW D 96, 011102(R) (2017) 

PHYSICAL REVIEW D 103, L011101 (2021)

Reconstructed energy distribution of the 135 far detector
𝛎𝛍-CCQE and 66 𝛎𝛍 -CCQE candidate events, with
predicted spectra for best-fit and no oscillation cases.

_

−



electron neutrino appearance in a muon neutrino beam
PHYSICAL REVIEW D 88, 032002 (2013)

observed 11 candidate 𝛎e events at the SK detector when 3.3 ± 0.4
(sys) background events are expected; the background-only hypothesis
is rejected with a p value of 0.0009, equivalent to a 3.1 𝛔 significance.

The excess of events at SK corresponds to a best-fit value of sin2 2𝜃13
= 0.088+0.049

−0.039 at 68% C.L., assuming 𝛅CP = 0, sin2 2𝜃23 = 1 and
normal hierarchy

Success ! The door for CPV has been found !  
                  next is to search for CPV itself



Electron antineutrino appearance is measured by the
T2K experiment in an accelerator-produced antineutrino
beam. It is observed 15 candidate electron antineutrino
events with a background expectation of 9.3 events.
Including information from the kinematic distribution of
observed events, the hypothesis of no electron
antineutrino appearance is dis-favored with a
significance of 2.4 σ and no discrepancy between data
and PMNS predictions is found.

Search for Electron Antineutrino Appearance 
in a Long-Baseline Muon Antineutrino Beam 

PHYSICAL REVIEW LETTERS 124, 161802 (2020) 

Success ! next is to search for differences 
                 in electron neutrino/ Antineutrino   
                 appearance       



Observed 𝛎e and 𝛎e candidate events at SK. a, b, The reconstructed 𝛎 energy
spectra for the SK samples containing e-like events in neutrino-mode (a) or
antineutrino-mode (b) beam running. c, The predicted number of events for δCP =
−π/2 and the measured number of events in the three electron-like samples at
SK. NO is assumed, and sin2θ23 and Δm2

32 are at their best-fit values. sin2θ13,
sin2θ12 and Δm2

21take the values indicated by external world average meas.

Constraint on the matter–antimatter
symmetry-violating phase in neutrino oscillations

N
ature | Vol580 | 16April2020 | 339 



The 3σ confidence interval for δCP, which is cyclic and repeats
every 2π, is [−3.41, −0.03] for the so-called normal mass
ordering and [−2.54, −0.32] for the inverted mass ordering. Our
results indicate CP violation in leptons and our method enables
sensitive searches for matter– antimatter asymmetry in neutrino
oscillations using accelerator-produced neutrino beams.

Success ! CPV seems to occur !   
                 next is to confirm and measure it precisely 



KEK

JPARC

K2K
T2K

Kamiokande, ~ 1983 à 1996
• search for proton decay 
• first 𝛎 astronomy, SN1987A

Super-Kamiokande, KEK, T2K ~1996 à 
• 𝛎s are massive,
• Solar 𝛎s
• What’s going on  with proton decay 
• SN relic neutrino discovery ?
• The road to CPV is opened 

K2K: 1999 à 2004
SK oscilla/on results 
confirmed with ν beam

T2K: 
~ 2002 à 2026 ? 
opens the door 
to CP violation

The Japanese Neutrino  Program neutrino beams



To achieve it we “only” need 
• A more powerful beam,
• a better understanding of it  
• and  more massive detector 

  
è i.e. the Hyper-Kamiokande project; it provides the above by starting / 
upgrading / improving the current / running  experimental setup / suite  

extremely difficult / expensive if started from scratch !  (f.i. DUNE)

(*) CP violation in neutrino oscillations would generically ensure 
a non vanishing baryon asymmetry through leptogenesis

Fukugita, Yanagida; Phys. Lett. B174, 45 (1986)
Pascoli, Petcov, Riotto; Phys. Rev. D75, 083511 (2007)
Pascoli, Petcov, Riotto; Nucl. Phys. B774 (2007) 1

With the Super-Kamiokande’s very large mass, and with JPARC T2K’s powerful 𝛎 beam, 
we are approaching a realistic exploration of leptonic CP violation* ! 

See P. Casado’s talk for the expectations



KEK

JPARC

K2K
T2K

T2HK

Kamiokande, ~ 1983 à 1996
• search for proton decay 
• first 𝛎 astronomy, SN1987A

Super-Kamiokande, KEK, T2K ~1996 à 
• 𝛎s are massive,
• Solar 𝛎s
• What’s going on  with proton decay 
• SN relic neutrino discovery ?
• The road to CPV is opened 

K2K: 1999 à 2004
SK oscilla/on results 
confirmed with ν beam

T2K: 
~ 2002 à 2026 ? 
opens the door 
to CP violation

The Japanese Neutrino  Program

next: Hyper-Kamiokande, ~ 2027 à
• Origin of 𝛎 mass, matter anti-matter asymmetry 
• 𝛎 astrophysics and cosmology: 
      Supernovae physics, DSNB energy flux, other sources
• proton decay,  Grand Unification 

neutrino beams



The Hyper-Kamiokande Far Detector
The Hyper-Kamiokande Neutrino Telescope and

Nucleon Decay experiment



SK-VII

0.03%
in weight 

Much larger mass and beam power do matter, but also a steady improvement of the technology   

SK-Gd à

0-dead time
electronics 



1.   e+  is detected
2.   n wanders around for   ~12µs until thermalises
3.   ~ 20µs [50cm] until Gd-capture
4.   8 MeV g,s cascade
5.   e- are  Compton-scat. off the  g  and detected
6.   ne is identified from coincidence [e+, delayed e-] 

_

Neutron tagging in water-cherenkov detectors

One illustration of its impact: the probably most important outcome reaction is inverse 𝛃 process

• Pure WC detectors lack of the ability to distinguish the charge of the measured particle
àVery little information about the particle/antiparticle nature of the incoming neutrino 

• Also / due-in-part-to lack of capacity of directly measuring neutrals, neutrons in particular
• A new break-through by Super-Kamiokande is to upgrade the detector to be able to 

identify neutrons with a high efficiency and purity (> 70%): dissolve Gd [ Gd2(SO4)3 ] in its 
water

Gd:  largest n absorption cross section in nature + emission of an 8 MeV cascade of 𝛄s 
that is detected by SK

SuperK-Gd !



Very low ν energy detection: SK’s Wide Intelligent Trigger

Ll Marti,
SK’s U.C.I., IPMU,
YNU groups



double-sensitivity photo-sensors for Hyper-Kamiokande
HK’s high-QE Box&Line PMT Hamamatsu R12860 
vs. SK-PMT Hamamatsu R3600

relative single photoelectron det. efficiency
 [Quantum, Collection, and Cut efficiencies]

Quantum Efficiency

single p.e.  w/ pedestal transit time for single p.e.

improved 
      from SK’s 
       by ~ 50% 

side rise 
       σ = 1.1 ns

4.1 ns FWHM 
           fast left 

2 x better efficiency, timing resolution,
charge resolutions à

- enhance  solar νs ,
- signature n (p, d) 𝛄
- p à νK+ 

-  …. 

σ ≈ 35 %

peak/valley ≈ 4 



M. Shiozawa @ 7th HKFF 20230607

What about nucleon decay?
− SU(5) nd was the physics-to-search behind the invention of the H2O-Cherenkov exp. technique
− it was  Kamiokande’s primary goal but failed, it was/is one of SK’s primary goals but failed (?). 

What is going on with the Grand Unification hypothesis ? 

Hyper-Kamiokande



status & next generation expectations (10 y exposure), most important modes (2017): 

A primary goal of the very massive Hyper-Kamiokande: shed key light on nucleon decay
                 (at least improve life-time limits by more than one order of magnitude)

HK design emphasizes 
p à e+π0,  p à ν K+ 
while keeping sensitivity 
to many other



Proton decay: 3𝛔 discovery potential 

free proton enhanced

bound proton enhanced
M ( e+ π0 )  

atmospheric 
ν background 

LL: Not sure about this DUNE

p à e+π0 



n,s from the next Galactic Supernova

~105 events if SN at 10 Kpc

M. Nakahata; Solar and Supernova Neutrinos
at Super-Kamiokande, UAM seminar 20121114

an extraordinary physics laboratory by itself
• unravel the explosion mechanism,
• probe the properties of the nascent neutron star,
• study neutrino interaction / oscillations that occur at

extreme conditions
• understand the origin of many heavy elements, and
• look for signs of physics beyond the Standard Model
• …

Hyper-Kamiokande; The Astrophysical Journal, 916:15, 2021



Expectations for measuring Supernova with Hyper-Kamiokande
Hyper-Kamiokande; The Astrophysical Journal, 916:15 (17pp), 2021



Supernova Model Discrimination with Hyper-Kamiokande
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Diffuse Supernova Neutrino Background (DSNB)
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H0: Hubble constant, z: redshift, RSN(z,s): redshift-dependent SN rate, Fi:
SN neutrino emission spectrum for a given flavor I, index s: the different
possible classes of SN associated with specific neutrino emission
spectra. Last factor accounts for the Universe expansion; ΩM / ΩΛ : dark
matter / energy contributions to the energy density of the Universe
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SK-VI data      

First results by Super-Kamiokande (-Gd)

Expectations for Hyper-Kamiokande

Several hundred event: enough to start  getting 
deep insight from the measured energy flux

The ~10x Hyper-Kamiokande larger mass  
allows many more reactions (events) to be 
produced / studied  

Diffuse Supernova Neutrino Background (DSNB)



Super-Kamiokande; PRD 94, 052010 (2016) 

Published Super-Kamiokande IV  Solar  n,s

MSG: Multiple Scattering Goodness estimate

signal extracted from directional correlation of 
recoiling e− with incident ν at  ν - e− scattering 

Solar Neutrinos



expected SSM:  
5.79 � 106 cm−2  s−1  

Bahcall, Pinsonneault;  
PRL 92, 121302 (2004)

Super-Kamiokande; PRD 94, 052010 (2016) 
8B solar ν flux by Super-Kamiokande

input: νe− elastic cross-section

Bahcall, Kamionkowski, Sirlin; 
Phys. Rev. D 51, 6146 (1995) 

Solar Neutrinos

Super-Kamiokande. Phys. Rev. Le8. 112, 091805 (2014) 

First Indication of Terrestrial 
Matter Effects on Solar ν 
Oscillation 

Erecoil > 4.5 MeV in SK-I, -III, -IV 
> 7 MeV in SK-II 

ß Thorough study with Hyper-
Kamiokande



Thorough study with Hyper-Kamiokande,  but 
very large background: need W.I.T. or similar 

Thorough study with Hyper-Kamiokande, 
little but hopefully enough statistics



T. Nakaya @US-J Symposium in Hawaii (2023.05.22) 



Funding: 
~ 85% Japanese /  ~ 15% non-Japanese



Addi$onal materials (randomly chosen)



Predicted neutrino flux by:   Honda, Kajita, Kasahara, Midorikawa, PRD 83, 123001 (2011)

νe νμ

SKI – SKIV data (points with statistical error) & MC simulations (boxes with systematic error)

νe , νμ fluxes: full azimuth [Φ] and zenith [θ] space Super-Kamiokande; Phys. Rev. D 94, 052001 (2016)

techniques 

Huge statistics, extremely powerful data if systematics controlled to the same level of significance



Yoichi Asaoka @ NNN22 



è anti-neutrino tagging at inverse β reaction 

� be in position of discovering DSNB from the very much reduced background 

� improve pointing accuracy for Supernova 
� Supernova early warning from Si burning νS 
� high precision solar- νS  elements from reactor νS  (if available) 

Neutron tagging in water-cherenkov detectors  





Solar n,s reconstruction by Super-Kamiokande  Solar and Supernova Neutrinos at SK; 
M. Nakahata; UAM seminar 20121114



Solar  n,s reconstruction by Super-Kamiokande  

energy resolution (%)

SK I

reconstruction 
efficiency  (%)

SK IV Super-Kamiokande; PRD 94, 052010 (2016) 

vertex resolution (cm)

········  SK I
−·−·−  SK II
− − −  SK III
          SK IV

SK I

SK I  Super-Kamiokande;
Phys. Rev. D 73, 112001 (2006) 

angular resolution (degree)
·········  SK I
           SK III

SK III  Super-Kamiokande; 
PRD 83, 052010 (2011)



p à ν K+−

• τ(K+) ≈ 12ns  à possible to observe prompt 6 MeVγ from 16O de-excitation  

reconstruct K+ from its decay products 
    K+ à ν μ+ (64%),  K+ à π+π0 (21%) 

• feature of super-symmetric GUTs 

• at decay p(K+)= 340 MeV, 
     K+ ch-light threshold: 749 MeV à 

π+π0 search

used τp= 6.6 � 1033 (SK limit), 10 years exposure 

• rather interes/ng but difficult to reconstruct

Michel e− 
from μ decay 

• 2-body decays à monochromatic particles: p(μ+)= 236 MeV, 
                                                                                p(π+)= p(π0 )= 205 MeV  

μ+ from K+ à ν μ+ prompt 6 MeVγ 
proton decay MC   

atmospheric 
ν background 



p à e+π0  some of the benefits from increased photon yield
• neutron tagging (veto):

• p decay: no neutrons // atmospheric ν background: yes neutrons
• neutrons at (pure) water:   2.2 MeV γ from  n (p, d) γ
                       8 MeV γ cascade if Gd capture

discovery potential (3 σ) 
HK 560 kton LD 
HK 372 kton HD (staged)
w/ neutron tagging 20 % eff.
w/ neutron tagging 70 % eff.

a factor of ≈ 2 !
number of hits

Super-K, R3600 PMT
Super-K, B&L PMT
Hyper-K, B&L PMT

à SK criterion:  
    ≈ 18% tagging efficiency
    à much be:er expected 
         for Hyper-Kamiokande   


